The aim of the work described in this paper was to establish the effect of physical parameters such as pH and temperature on the microbial growth and iron oxidation rate of an isolated iron oxidizing bacterial strain from mine effluent. The bacterial lag phase was reduced to zero by repeated subculturing in fresh nutrient media. The rate of iron oxidation was considered as the growth rate of the microorganism in its logarithmic phase. Variation of pH showed an inadequate effect within the range from 1.5 to 2.5 ensuing growth flexibility in acidic medium. With variation of temperature from 293 to 313 K, the rate increased up to 303 K and gradually decreased beyond this temperature. At the optimized values of pH 2.0 and temperature 303 K, the iron oxidation rate was 2:17 Â 10 À4 kgÁm À3 Ás À1 .
Introduction
Bioleaching involves the use of microorganisms to catalyze the dissolution of valuable metals from ores, concentrates and wastes. Bio-oxidation of sulfide minerals by Thiobacillus species is an alternate technology that has been commercially implemented for the recovery of metals such as copper, uranium, zinc etc. Moreover, this method has the potential for treatment of wastes and low-grade concentrates due to its environmental benefits and economic significance. 1, 2) Biodissolution of metals involves direct metabolic attachment of bacterial cell on the mineral surfaces and/or through chemical oxidation of reduced sulfur to sulfate by microbially generated Fe 3þ . In the indirect mechanism process, the cycling of Fe 3þ /Fe 2þ couple by the bacteria is essential to keep an environment of high redox potential that is required for efficient leaching. Acidophiles Acidithiobacillus ferrooxidans have the unique ability to oxidize ferrous to ferric and reduced sulfur compounds to sulfate. The enhancement of reaction rate {Fe 2þ $ Fe 3þ and S 0 $ SO 4 2À } is essential in order to improve the overall leaching kinetics as well as being vital for avoiding the formation of jarosite.
3) Otherwise, the production of jarosite prevents the contact of bacteria and/or ferric to the surface of the solid substrate and ultimately creates a kinetic barrier due to slow diffusion of reactants and products through the precipitate layer.
Acidithiobacillus ferrooxidans are gram negative nonsporulating in character. It is rod shaped, the cross-section is 0.5 to 0.6 mm, with length 1.0 to 2.0 mm, and rounded end. It occurs singly or paired and rarely in short chains. They are motile by means of a single polar flagellum. 4) The species are generally characterized by five properties such as chemolithotrophic, autotrophic, aerobic, mesophilic and acidophilic iron oxidized bacteria. These organisms are generally abundant in the acid mine drainage water of iron and bituminous coal mine sites.
5)
The most important parameters affecting the metabolism of Acidithiobacillus ferrooxidans are: initial ferrous concentration, ferric concentration, pH, temperature, dissolved oxygen, carbon dioxide concentration and inert solids. 6, 7) However, the optimum temperature for Acidithiobacillus ferrooxidans has not been precisely defined because it is subject to variation among different strains. The optimum temperature has been recognized to be pH dependent. Decrease in pH lowers the optimum temperature for growth and iron oxidation. 8) In the literature, the optimum temperature of Acidithiobacillus ferrooxidans is reported to be 306 K at pH 2.5 and 303 K at pH 1.5. 9) In this paper, the effect of physico-chemical parameters on bacterial iron oxidation rate is reported. The bacteria were isolated from effluent pond water of Dalsung Tungsten and Copper Mines, South Korea. The iron oxidation rate of the above mine isolated culture was evaluated by measuring the amount of residual ferrous in the solution over time. Iron oxidations were carried out at different pH and temperature to optimize the growth condition. Other major parameters such as substrate concentration, dissolved oxygen and carbon dioxide content were not considered because of inadequate effects reported in the literature. The ranges of these physicochemical parameters were based on previous literature studies on iron oxidation of Acidithiobacillus ferrooxidans. The dependence factor is calculated for different parameters and fitted with a rate equation for the optimization iron oxidation rate.
Materials and Methods

Chemicals
All chemicals used in this experiment were analytical grade reagents (AR) unless otherwise stated and all aqueous solutions were prepared by using de-ionized water.
Bacteria and medium
The bacteria were isolated from effluent pond water of Dalsung Tungsten and Copper Mines, South Korea. This is a mixed culture of Acidithiobacillus ferrooxidans grown in 9K medium. 10 À5 m 3 culture was inoculated at the initial stage of the experiment and the biomass was collected by the following process after the media was fully grown. The full grown media was filtered and the filtrate was centrifuged for 1,200 seconds at 10,000 rpm and 293 K using Mega21R. The pelletized biomass at the bottom of centrifuge tube was dissolved in distilled water followed by decanting the supernatant liquor. The cell suspension was kept in an incubator for the next set of experiments.
Iron oxidation
9K medium 10) was prepared freshly by dissolving all micronutrient. The pH was measured with an Orion-720+ pH meter. The electrode was calibrated with a USA standard buffer before measuring the pH. To maintain the pH, dilute sulfuric acid was added drop by drop until accurate pH of the medium was achieved. All the experiments were carried out in Erlenmeyer flasks of 25 Â 10 À5 m 3 volume using a temperature controlled orbital rotating shaker. The residual ferrous ion in the solution was analyzed regularly. Temperature and pH were varied to get the optimized conditions. The pH of the experiments were 1.5, 1.75, 2.0, 2.25 and 2.5, keeping the temperature at 303 K and the rotational speed at 150 rpm. The temperature of the experiments was varied from 293 to 313 K, keeping the pH 2.0 and rotational speed at 150 rpm.
Analytical method
The concentrations of ferrous ion and total iron in the medium were analyzed by the titration method using 0.1 N potassium dichromate as titrant and barium diphenylamine-4-sulfonate (BDAS) as redox indicator.
11)
Result and Discussion
Chemical and bacterial catalyzed iron oxidation
The oxidation of ferrous sulphate to ferric sulphate in the presence of oxygen in aqueous medium at low pH has been previously reported, but the rate of reaction is very slow without the addition of a catalyst. 12) Ferrous oxidation is accelerated by using the redox couple NO/NO 2 since NO 2 is a strong oxidant. The oxidation reaction is completely monitored by the nitrogen oxide couple, with NO 2 finally evolved into the air. The reactions 12) of the above mechanism are as follows.
Acidithiobacillus ferrooxidans is able to oxidize ferrous sulphate to ferric sulphate under the aerobic acidic conditions required for their growth and metabolism, according to the following biochemical reaction. 13) 
To study the kinetics of the above reactions, a mixed culture of Acidithiobacillus ferrooxidans was isolated from mine water. These chemolithotropic bacteria can grow and metabolize by oxidizing ferrous to ferric as the energy source and utilizing carbon dioxide as the source of cellular carbon.
14) Figure 1 shows the iron oxidation at the initial stage of inoculation, and without bacteria as a control. Initially, the growth rate of bacteria was very slow as it took 432,000 seconds to oxidize 9 kgÁm À3 ferrous ions. It was observed that the lag phase of the bacteria was 180,000 seconds. Shortly after 180,000 seconds, the iron oxidation commenced at a slow rate and took almost 252,000 seconds to complete the oxidation. As the bacteria were being inoculated in a new medium, the cells were actively adapting to it. Hence a long lag period was observed at the initial stage of inoculation. After adapting to the new medium, the bacteria initiated the synthesis of amino acids and vitamins. After synthesizing these nutrients inside the cells, binary cell division was started. In other word, the bacteria started DNA replication for binary fission. During the whole process of DNA replication, ferrous sulphate was the source of electron and carbon dioxide was the source of carbon. Therefore oxidation of ferrous sulphate to ferric sulphate was catalyzed through the above cell division process. The rate of biochemical iron oxidation by reaction (7) was quite slow as it took almost 252,000 seconds to oxidize 9 kgÁm À3 ferrous in the medium and represented the minimal bacterial concentration in the medium. Since the production of amino acids and proteins is a function of the number of bacterial cells, a smaller number of cells produces a lesser amount of nutrient and ultimately lowers the rate of ferrous sulphate consumption. Hence the slow iron oxidation rate that was observed at the initial stage of inoculation was due to a lower bacterial concentration. In the control experiment, the iron oxidation was very slow as it was almost flat, even up to 432,000 seconds. However, insignificant iron oxidation was considered as reaction (6) in mild acidic medium. Also, reaction (1) cannot be ignored as there was a slight change in colour from green to whitish brown colloidal suspension by forming ferrous hydroxide sulphate.
Determination of iron oxidation rate
The bacterial lag phase was reduced to zero by repeated subculturing in freshly prepared 9K media showing that the bacteria had completely adapted to the media. The full grown culture with only a bacterial logarithmic phase was resubcultured several times in a serial subculturing manner to get a higher bacterial concentration. With an increase in the bacterial concentration, the rate of iron oxidation gradually increased but then became stagnant after several times of resubculture. Figure 2 shows the change in iron oxidation during successive subculturing. The iron oxidation increased up to the 3rd time of subculturing. During the 3rd, 4th and 5th run, it took the same time to oxidize 9 kgÁm À3 ferrous. This result demonstrates that the bacterial concentration gradually increased up to 3rd time of subculturing in the medium. That concentration may be the critical count, after which one fraction of bacteria died and the other fraction were bisecting their bodies to form new daughter species. The overall concentration remained the same after the 3rd time of subculturing as well as 100% activity of the bacterial strain was resumed. The iron oxidation rate was estimated from the slope as ½Fe(II)=t and the slope was found to be 2:17 Â 10 À4 kgÁm À3 Ás À1 . Assuming the biooxidation reaction in eq. (7) obeys a 1st order reaction with respect to ferrous concentration at constant pH and stirring speed, a kinetic model can be established to get the specific reaction rate.
k ¼ specific reaction rate constant:
After integrating eq. (8) with time limit '0' to 't', we can write Fig. 3 and the R 2 value is 0.96, indicating a first order reaction. Hence the biochemical iron oxidation reaction follows first order kinetics during the bacterial logarithmic phase and the specific reaction rate constant was found to be 4 Â 10 À5 s À1 at pH 2.0 and 303 K.
Regeneration time
Since bacterial cell numbers are a function of iron oxidation, the rate of bacterial growth is directly proportional to ferrous oxidation rate (the authors have ignored the maintenance factor of ferrous, oxygen and carbon dioxide). Hence the specific growth rate constant of bacteria denoted as was calculated as the slope of a semi logarithmic plot of ferric ion concentration against time. 15, 16) The regeneration time, t d was evaluated using the following relation given in eq. (10),
From the above relation the regeneration time was 14,938 seconds. Since the regeneration time of the bacteria is very short, the bacteria are efficient in bisecting themselves to produce daughter cells.
Effect of pH
Since the bacteria are chemolithotropic and acidophilic in character, the optimization of pH needs for the growth kinetics. Figure 4 shows the ferrous oxidation rate at different pH values in the acidic region. It was observed that pH showed an inadequate effect on iron oxidation within the range 1.5 to 2.5. However, the iron oxidation rate was slightly lower at pH 1.5 and 1.75 whereas it peaked at pH 2.0. This defined acidity of the culture medium shows a negative effect on the oxidation of ferrous sulphate because biofilm formation is insignificant below pH 2.0. However, optimum pH at 2.0 determines a free cell culture.
5) Also, below pH 2.0 the decrease in biooxidation is related to the inhibition of bacterial activity. 17) Above pH 2.0 it was slightly decreased. It is evident that the formation of jarosite hinders the iron oxidation to some extent at higher pH. 18) Jarosite creates a physical barrier between ferrous and the bacteria surface, which hinders the electron transfer from iron as well as proton diffusion from bacterial cells. Bacterial growth is limited within a certain range of pH and it was strictly intolerable in neutral or slightly alkaline media. 19) A factorial design can be arranged by plotting log(Iron Oxidation Rate) versus log(pH) and the slope of the plot is the dependence factor of iron oxidation on initial pH. The plot is shown in Fig. 5 and slope of the plot is 0.7. Hence an equation for iron oxidation rate depends on pH, and the relation can be established as below.
However it should be pointed out that pH values below 2.0 are effective in limiting the formation of precipitates associated with the microbial metabolism. 20) These precipitates have a series of negative effects on bioreactors in which oxidation of ferrous sulphate is produced. Among these, more important is the formation of physical barriers as a result of the low diffusion of the reagents and products throughout the precipitation zone. Furthermore, they can block the pumps, valves, pipe work and other auxiliary equipment.
21)
Effect of temperature
Optimum temperature of iron oxidation by Acidithiobacillus ferrooxidans is strain dependent.
5) The mesophilic behavior of iron oxidizing bacteria was tested with iron oxidation rate at different temperatures. Enzymatic reactions are rate-limiting and dependent upon physicochemical parameters like pH or temperature, so growth rates below a threshold value could result in suppression of these reactions. The region of greatest interest in our study was the exponential growth phase, because in this phase cells grow at a constant specific growth rate () for particular medium conditions. The effect of cellular growth rate of bacteria resembles iron oxidation rate at different temperatures is shown in Fig. 6 , which demonstrates an apparent plot regarding the growth of bacteria. The growth rate in the exponential phase was increased sharply from 293 to 303 K. Beyond this temperature the growth rate was decreased. At 313 K, the rate was very slow because of imbalance in the interior of the cell. At temperatures above the optimum, bacterial deactivation is correlated with denaturation of essential enzymes due to the scattering of membrane and cellular constituents. Furthermore, the iron oxidation rate decreased because of the toxic effect of ferric iron as well as the formation of jarosite at high temperatures. 18) Moreover, the energy required for these processes is greater than that used for the bacterial activation. At lower temperatures, the cellular multiplication term prevails, however the thermal deactivation term dominates at temperatures above 303 K.
It is difficult to calculate the activation energy for the reaction at this range of temperatures but the reference data of specific growth rate of Acidithiobacillus ferrooxidans can be correlated with the experimental values. 22) The comparison of specific growth rate () between the experimental results and reference data is shown in Fig. 7 . The experimental results are almost fitted with the reference plot within our temperature range. The experimental line is just over the reference line showing higher efficiency of the bacteria. From this assessment, we can conclude that the culture isolated from Dalsung mines has a better iron oxidizing ability in the logarithmic growth phase and the tendency of cellular bisection is pronounced up to 303 K.
Conclusion
The isolated bacteria from effluent water of Dalsung Tungsten and Copper Mines were a mixed culture of Acidithiobacillus ferroxidans. The iron oxidation rate was found to be a reasonably high 2:17 Â 10 À4 kgÁm À3 Ás À1 . The rate was a maximum at pH 2.0 and slightly less in more acidic medium. At pH 1.5 it was 1:5 Â 10 À4 kgÁm À3 Ás
À1
showing ability in bioleaching experiments to avoid the formation of a product layer. The effect of temperature was fairly measurable since the rate was increased by elevating from 293 to 303 K. Beyond this temperature the rate decreased because denaturation of enzymes and proteins as well as the behavior of ferric ion. Hence these bacteria would enhance the bioleaching kinetics in the presence of iron sources at the above optimized pH and temperature. Effect of pH and Temperature on Iron Oxidation by Mesophilic Mixed Iron Oxidizing Microflora
